In the three-dimensional statement, we consider the Brinkman equation together with the equation of heterogeneous heat transfer for an unidirectional ow of the Newtonian uid under laminar regime through horizontal porous channel having a constant rectangular cross-section with known thermal ows at the boundary and small values of the Darcy numbers. Due to the linearity of the formulated system of model equations, we obtain analytical solution of the system using the Laplace and Fourier integral transformation. The obtained solution allows to estimate the length of the input hydrodynamic section, the coecient of hydraulic resistance, and the local Nusselt numbers. The results obtained for the hydrodynamic subproblem with a large porosity and thermal subproblem with a stationary temperature eld agree with the classical data.
Introduction
The most eective active method to intensify a heat transfer in heat exchangers of dierent energy systems is the use of porous mediums as llers of the channels through which the uid (gaseous) heat carriers with simultaneous transfer of heat are transfered [1] . The role of this intensication method signicantly increases, if powerful heat ows are removed from the compact heat-stressed surfaces. For example, in electronic miniature devices the electromagnetic energy dissipates into thermal energy [2] . In order to choose the constructions of compact heat exchangers correctly, the analysis of transfer phenomena in the exchangers requires an estimation of the heat transfer in the three-dimensional statement, taking into account the hydrodynamic structure of ow in the input section of the porous channel. Therefore, the identication of hydrodynamic characteristics of porous heat exchangers in the form of regular parallelepipeds is necessary [4] . Up the present, the heat transfer in the porous channel having rectangular cross section was not considered [5] . The papers [6, 7] are among the rst publications, where the problem was solved on the basis of the stationary Darcy Brinkman equation in the Stokes approximation and the one-temperature model of heat transfer with dierent boundary conditions for the constant axial heat ow. The experimental studies show that we should abandon hypothesis about local thermal equilibrium between the porous ller and uid (gaseous) heat carrier [8] . Therefore, under the same assumptions as in [6, 7] and within the framework of linear statement of the problem, the possibility to obtain a solution using the two-temperature model of the heat transfer is shown [9] . However, according to [10] , if we do not accept the above simplications, then the analytical solution is dicult to be obtained in this statement and it is necessary to use the numerical integration. For low porosity, the velocity prole of the heat carrier is determined almost instantly in the input section of the porous channel [11] . However, the appearence of such a ller as metal foam with a high degree of porosity [12] additionally requires to estimate the possible inuence of the hydrodynamic initial section on the heat transfer in the porous channel.
In this connection, we analytically analyze the heat transfer of the mass in the rectangular porous channel under the laminar ow of the heat carrier within the framework of the Brinkman approximation of the Darcy Brinkman Forchheimer equation and the two-temperature model of the heat exchange in a wide range of the main parameters variation. Also, we determine the conditions under which the inuence of the length of the hydrodynamic initial section on the heat transfer can be neglected.
Basic Equations and Assumptions
According to [13] , we represent the physical model of a porous medium in the form of a dense non deformable packing of spheres. The emptiness of the packing is connected and lled with moving Newtonian uid without phase transitions in Laminar regime under the action of an applied pressure gradient. The hydrodynamic subproblem is described within the framework of the Darcy Brinkman Forchheimer phenomenological model by the Xu Cheng equations [14] , obtained by the method of volume averaging:
here τ is time; ρ f , µ f are density and dynamic viscosity of the uid; ε is porosity;V is vector of the uid velocity;ḡ is vector of the free fall acceleration; p is pressure. The permeability of a porous medium is determined from the modied Kozeny Karman equation [15] 
where d p is a number-average diameter of spherical particles in the porous layer.
The temperature elds are determined from the equations of the Schumann twotemperature model [16] :
for a uid
for the skeleton of a porous medium are tensors of the eective heat conductivity coecients of the uid and the material of a porous body skeleton, respectively; t f , t s are temperatures of the uid and the skeleton of a porous body, respectively; α sf is a coecient of the heat transfer between the liquid phase and the skeleton of a porous body; a sf is characteristic area of the wetted surface in a porous body; ρ s , c ps is density and mass heat capacity of the skeleton of the porous body; c pf is mass heat capacity of the liquid.
We assume that the thermophysical parameters in (1) (4) are homogeneous in spatial coordinates and do not depend on temperature. In this case, according to [17] ,
where
s is heat conductivity of the uid and the skeleton of a porous body, respectively.
The phenomenological nature of the model in a porous body allows to formulate the boundary conditions within the framework of the classical analysis of the problems of heat and mass transfer for homogeneous media [18] .
Despite the simplied formulation of the problem, the integration of the system (1) (4) with heat boundary conditions of the rst or second genus on the side of the cooled surface causes the same diculties as the joint integration of the Navier Stokes and the heat transfer equations [19] . An overview of numerical and approximate analytical methods for solving the system (1) (4) is given in [20] .
Mathematical Model
As opposed to the constructive at heat exchangers for which the analysis of hydrodynamics and heat exchange in 2-D format can be applied, for heat exchangers having commensurate ratio of the width and height of the ow section, it is necessary to solve the problem in a three-dimensional statement.
Suppose that a laminar ow of a heat carrier (a Newtonian incompressible medium) having temperature t 0 with velocity u 0 is given to the input of a porous heat exchanger having length l with a constant cross section of height h 1 and width h 2 ( Fig. 1) . We assume that the body of the heat exchanger is impenetrable for the heat carrier, the lateral and upper surfaces of the heat carrier are heat insulated, and the heat ow q 0 is given in the lower surface. According to the considered analytical model, the equation (1) (4) in the dimensionless form is the following:
is the Prandtl number; Laminar ow of the heat-carrier allows to accept the hypothesis that the ow in a porous heat exchanger is unidirectional, i.e. (V = W ≡ 0). Let us take into account the small value of the inertial eects under the decreasing pressure [21] and boundary layer linearization [22] , as well as the relation Θ = X/ε. Therefore, the hydrodynamic subproblem (5) (8) is reduced to the initial-boundary value problem 43
are such that dP /dX is determined by the condition that the ow of uid through the cross section of the porous heat exchanger remains
Consider the heat subproblem for the stationary heat transfer regime in a porous heat exchanger assuming that
with the boundary conditions
3. The Hydrodynamic Subproblem
The system (11) (13) is linear. Therefore, in order to solve the system we can use the Laplace one-side integral transformation [23] with respect to the variable X and the nite integral sinus-transformation [24] with respect to the variables X and Z. As a result,
The parameter C is found from the condition (14)
which allows to determine the coecient of hydraulic resistance according to Fanning [25] The length of the hydrodynamic initial section is calculated for the quasiregular regime [22] (m = n = 1) by the relation
(the relative deviation γ is usually taken to be 0,02), therefore
Calculations show that for large values of the number Da (rareed skeleton) with increase in the number Re the unevenness of the velocity eld in a porous heat exchanger is essentially inhomogeneous both in the hydrodynamic initial section and along the cross section with a quasi-parabolic prole (Fig. 2) . The decrease in the value of the numbers Da signicantly reduces the length of the hydrodynamic initial section, but the inhomogeneity of the velocity prole remains. Note that only for suciently small values Da ≤ 10 −4 there exists the homogeneous of the velocity eld, and along the entire ow U ≈ 1 (hydrodynamic regime of ideal displacement by heat carrier). The increase in the porosity of the skeleton under all other equal conditions leads to an increase in the length of the hydrodynamic initial section. The transition of the heat carrier ow to the at case is observed for η ≤ 0, 01.
The hydraulic coecient of resistance ξ decreases with an increase in number Re , which agrees with the classical data. A sharp increase in the coecient of resistance takes place in the region of small values of the numbers Da , because the permeability of the skeleton of the heat exchanger porous medium decreases. Calculations show that the passage section in the form of a square is the most preferable from the point of view of the minimum pressure loss when moving the heat carrier in a porous heat exchanger, because in this case the wetted surface is minimal. Note that if there is no porous skeleton (ε → 1, Da → ∞), then the resistance coecient correlates with the value for a laminar ow of the Newtonian uid in a rectangular channel for dierent η [26] . 
Heat Subproblem
In practically important cases Da ≪ 10 −5 , therefore the system (15) (19) is essentially simplied, because U ≈ 1. As for the hydrodynamic subproblem, we obtain a solution to the equations of the heat subproblem in the analytical form using the onesided integral Laplace transform of the variable X and a consistent application of the nal integral cosine transform with respect to the variables Y and Z, respectively:
where 
Note that the porosity in the explicit form does not enter into the solution to the heat subproblem (24), (25) , but is contained in the dening dimensionless numbers. Therefore, we represent the dening parameters as follows:
Calculation analysis of the heat subproblem in Fig. 3 shows that the small Reynolds numbers equalize the temperature of the heat carrier and the porous skeleton due to the greater heat conductivity of the porous matrix material. However, in this case the eciency of the heat transfer is very low, and the increase in the velocity of the heat carrier sharply increases the eciency. But at the same time, a signicant inhomogeneity of the temperature eld takes place. And as expected, the temperature of the heat carrier near the cooled surface is much higher, therefore the surface overheats. This situation can cause a phase transition (boil of the cooler). An increase in the local Reynolds number, that is an increase in the permeability with a constant velocity of the heat carrier at the input of the heat exchanger, leads to a deterioration in the thermal indices.
In order to increase the cooling eect of the surface extracting heat and at the same time reduce a heat load on the heat carrier, we can variate the Prandtl numbers such that to increase the numbers.
Note that the parameter Λ characterizes the ratio of eective thermal conductivities of the heat carrier and a material of the porous structure. A decrease in the parameter Λ leads to an increase in the heat dissipation, and the increase in porosity worsens the entire spectrum of thermal indices of the heat exchanger.
It is established that an increase in the ratio of the height to the width of the ow section, with all other equal conditions, leads to a more intensive cooling of the surface extracting heat (Fig. 4) . In this case, there is an analogy with the functioning of the cooling edge for the usual method to intensify the heat transfer, i.e. there exists an optimal ratio of the height and width of ow section of the porous heat exchanger, which provides the maximum heat dissipation from the cooled surface. Therefore, we analyze the calculation of temperature elds of the heat carrier and the matrix of the porous medium in the heat exchanger. The results of the analysis conrm that the mathematical model is qualitative, adequate, correct and agrees with the modern concepts of the heat exchange in the porous media. Estimation of the local Nusselt number for a porous heat exchanger
whereT f (X, 0) = ⟨T f (X)⟩ = Note that the axial change in temperatures of the heat carrier and matrix of the porous medium is linear.
The result of the averaging of the heat subproblem only for the variable Z is analogous to the at case, the solution of which was obtained in [28] . In this solution suppose that the height of the at channel is equal to the hydraulic diameter of the cross section of the porosity of the 3-D heat exchanger, then The presented mathematical model gives a wide range of dierent heat-hydraulic characteristics of porous heat exchangers and can be considered as universal tool to develop a new one and to choose the rational modes of functioning of the existing heat exchange equipment.
